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The highest-redshift quasars are still rare and valuable objects for observational astrophysics and 

cosmology. They provide important constraints on the growth of the earliest supermassive black 

, holes in the Universe, and information on the physical conditions in their environment. Among the 

OO . 

, nearly 60 quasars currently known at redshifts z>5.7, only a handful are "strong" emitters in radio 

\ continuum. These can be targets of sensitive high-resolution Very Long Baseline Interferometry 

(VLBI) observations to reveal their innermost structure, down to 10 pc linear scales. We review 

G^ ■ 

■ the results of our earlier European VLBI Network (EVN) experiments on three of the most distant 

■ radio quasars known to date, and give a preliminary report on the EVN detection of a fourth one. 
The results obtained so far suggest that we see really young active galactic nuclei - not just in a 
cosmological sense but also in terms of their active life in radio. 



Resolving The Sky - Radio Interferometry: Past, Present and Future 
April 17-20, 2012 
Manchester, UK 



* Speaker. 

^The EVN is a joint facility of European, Chinese, South African, and other radio astronomy institutes funded 
by their national research councils. This work was supported by the European Community's Seventh Eramework Pro- 
gramme, Advanced Radio Astronomy in Europe, grant agreement no. 227290, and the Hungarian Scientific Research 
Eund (OTKA, grant no. K72515). We thank Laszlo Mosoni and David Cseh for their contribution to the VLBI studies 
reviewed here. 



© Copyright owned by the author(s) under the terms of the Creative Commons Attribution-NonCommercial-ShureAlike Licence. 



http://pos.sissa.it/ 



Redshift, Time, Spectrum - the most distant radio quasars with VLBI 



Sandor Frey 



1. Introduction 

1.1 R for redshift - and for radio 

Quasars at redshift z~6 have become spectroscopically identified for somewhat more than a 
decade Q], the first candidates being selected by their extremely red colours in the Sloan Digital 
Sky Survey (SDSS). These /-dropout objects, for which the absorption on the short-wavelength side 
of the Lyman- a emission line falls in the / photometric band while the emission appeai^s only at 
longer wavelengths, first in the z band, are located in the approximate redshift range of 5.7<z<6.5. 
This technique was successfully applied for discovering the bulk of the z~6 quasars known to 
date, over 50 objects - not only in the SDSS but also in the Canada-France High-z Quasar Survey 



(CFHQS) (see e.g. [32] for a review). As of today, the redshift record holder among quasars is 
J 11 20-1-0641 at z=7.085 [g^. It was discovered in the United Kingdom Infrared Telescope (UKIRT) 
Infrared Deep Sky Survey (UKIDSS). The z-dropout objects like this one can have redshift as high 
as 7.5. The search for quasars even more distant than the cun^ent record moves from the optical to 
the near-infrared regime, e.g. with the Panoramic Survey Telescope and Rapid Response System 
(Pan-STARRS) where the first /-dropout quasar at z=5.73 has recently been discovered ^A^, or in 
the Visible and Infrared Survey Telescope for Astronomy (VISTA) Kilo-degree Infrared Galaxy 
(VIKING) public survey 

Only four of the known z>5.7 quasars (in the order of their discovery: J0836-I-0054 [Q] at 
z=5.77; J1427-F3312 ^ atz=6.12; 11429-^5447 ^ atz=6.21; 12228-^0110 [||] atz=5.95) show 
detectable continuum radio emission. The total 1.4-GHz flux density of the first three quasars is 
just in the order of 1 mJy. The most recently found source, J2228-I-01 10, the second z~6 quasar 
after J1427-I-3312 selected by its radio emission, is somewhat weaker. Although the sample is still 
small, the radio-loud ratio among the most distant known quasars (~7%) is remarkably close to 
the 8%±1% found by matching the bright (/<18.5) SDSS quasars at any redshift with the radio 
detections in the 1.4-GHz Faint Images of the Radio Sky at Twenty-centimeters (FIRST) survey 



[]17p. The rare radio-emitting high-redshift quasars are particularly valuable, for a variety of rea- 
sons. The ultimate evidence for synchrotron jets produced by accretion of the suiTounding material 
onto supermassive black holes (SMBHs) in active galactic nuclei (AGN) can be found in the radio 
by high-resolution Very Long Baseline Interferometry (VLBI) imaging observations. If the radio 
emission is compact on scales probed by VLBI, it should come from an AGN. Indeed, as we will 
review in Sect. ^, compact radio structures in all four known radio quasars at z~6 have success- 
fully been detected with VLBI. Moreover, compact radio sources that existed at around the epoch 
of reionization could serve as "beacons", illuminating the intergalactic gas in their line of sight. 
This offers a good perspective to use them for studying the absorption spectrum of the neutral hy- 
drogen with sensitive next-generation radio instruments like the Square Kilometer AiTay (SKA) 

t- 

1.2 T for time 

The lookback time is ~12.5 Gyr for z=6, and ~12.7 Gyr for z=7. (We assume a flat cosmo- 
logical model with Hq = 70 km s^^ Mpc^', Q.^ = 0.3, and D.\ = 0.7 troughout this paper.) The 
existence of Z'~^6 quasars proves that accreting SMBHs with masses up to ~10^ Mq have akeady 
assembled within several hundred million years after the Big Bang. Observing the earliest quasars 
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of the Universe can constrain models of their birth and early cosmological evolution, the growth of 
the central SMBHs of active galactic nuclei, and their link to the host galaxy evolution via feedback 
mechanisms. Intriguingly, many of the intrinsic properties observed in the infrai^ed, optical, and 
X-ray wavebands make the highest-redshift quasars very similar to their lower-redshift cousins, 
suggesting that they ai^e already "evolved" objects even within 1 Gyr after the beginning of the 
Universe. Thus there are observational efforts going on to identify the "real firsts". For example, 
based on the lack of the infrared emission originating from hot dust, two z~6 quasars in a sample 
of 21 seem less evolved, as the amount of hot dust in the quasar host may increase in parallel with 
the growth of the central SMBH [18 1. As we will see in Sect. ^, the results of our high-resolution 



interferometric observations of radio-emitting sources also point to young objects, at least in terms 
of their radio jet activity. 

1.3 S for spectra 

In an attempt to offer yet another tribute to Prof. Richard T. Schilizzi (RTS), and as an addition 
to the ingenious title of this conference, we choose spectra to represent S. In the past, Richard 
participated with us in numerous VLBI studies of radio quasars known as the most distant ones 
that time, e.g. [|l^, |l^ ^ ^ 15]. Another one of his major research interests was the study of 



young radio-loud AGN - Gigahertz-Peaked Spectrum (GPS) and Compact Steep Spectrum (CSS) 
sources - and their evolution, e.g. p7[ ] and references therein. It is no surprise that in the highest- 
redshift Universe, the two topics eventually converge: the earliest radio AGN, right after their 
ignition should necessarily be young. Observations indicate that the spectral slope of the radio 
continuum is steep for the most distant quasars (Sect. ^ and ^; Fig. |l|) in the observed ~l-5 GHz 
frequency range, which corresponds to '--'10^0 GHz in the rest frame of the sources. According to 
a plausible model [^, the high-redshift steep-spectrum objects may represent GPS sources at early 
cosmological epochs. The first generation of supermassive black holes could have had powerful 
jets that developed hot spots well inside their forming host galaxy, on linear- scales of 0.1-10 kpc. 
Adopting the relation between the source size and the turnover frequency observed in GPS sources 
for our "typical" high-redshift quasars, the angular- size of the smallest (~100 pc) of these early 
radio-jet objects would be in the order of 10 milli-arcseconds (mas), and the observed turnover 
frequency in their radio spectra would be around 500 MHz in the observer's frame |^. This spectral 
turnover has not been detected yet, but the structural and limited spectral information available for 
the z~6 radio quasars known to date fit well in the picture. 



2. The highest-redshift radio quasars with VLBI 

Here we briefly summarise our VLBI imaging results obtained for the z~6 radio quasai^s 
known to date. These results came from a series of experiments performed with the European 
VLBI Network (EVN) starting in 2002, shortly after the discovery of J0836-I-0054 [§], the first 
quasar in this category. All the VLBI experiments were conducted in phase-reference mode, in- 
volving regular- observations of nearby bright, compact reference radio sources. This technique 
allowed us to detect the weak target quasars, and to determine their astrometric position with mas- 
scale accuracy. For all but one quasar, VLBI observations were made at both 1.6 GHz and 5 GHz 
frequencies. For the weakest quasar in the sample that was discovered most recently (J2228-I-01 10 
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[34]), work is still in progress, and as of now, only 1.6-GHz EVN data have been collected. In the 
following subsections, we list the individual sources in the order of their discovery and of the date 
of their VLBI observations. 

2.1 J0836+0054 

J0836+0054 was found in the SDSS data [H] as the first quasar at z>5.7 with a radio coun- 



terpart in the FIRST survey catalogue [30], with 1.4-GHz flux density 51.4= 1.11 ±0.1 5 mJy- Its 



accurate redshift was later measured as z=5.77 [28]. Our first experimental EVN observations were 



conducted on 2002 June 8 at 1.6 GHz. We found that essentially all radio emission comes from a 
compact but slightly resolved source within ~10 mas angular extent which corresponds to ~60 pc 
hnear size at the distance of the quasar. We could rule out that the quasar's image is multiplied 
by strong gravitational lensing [^. (It turned out later that it's true for the other Z'~^6 quasars as 
well, in contrast to earlier predictions [|^].) Upon the successful detection at 1.6 GHz, we initiated 
5-GHz EVN observations of J0836+0054. The data from 2003 November 4 verified that the source 
is compact (<40 pc) with a flux density ^5=0.34 mJy. Thus the spectrum of the source is steep; 
the variablity as a cause of the difference in flux densities is excluded by lower-resolution Very 
Large AiTay (VLA) observations performed nearly at the same time [||]. The two spectral points 
as a function of the rest-frame frequency are plotted in Fig. |l], along with the measurements for the 
other z~6 radio quasars and a low-redshift object for comparison. 

2.2 J1427+3312 



JI427-I-3312 (z=6.12) was identified as the first radio quasar above redshift 6 019| , |29| ]. Our 1.6- 
GHz and 5-GHz EVN imaging observations were conducted on 2007 March 11 and 2007 March 
3, respectively. The source was clearly detected at both frequencies. Quite remarkably, there are 
two distinct radio components seen in the 1.6-GHz image of J1427-I-3312, separated by 28.3 mas, 
corresponding to a projected linear- distance of '--'160 pc [^. A similar result was published from an 
independent 1.4-GHz experiment conducted with the US Very Long Baseline Array (VLBA) [pO|]. 
Both radio components with sub-mJy flux densities appear resolved. 5-GHz radio emission on mas- 
scale was only detected for the brighter of the two, indicating again a steep radio spectrum (Fig. [T]), 
which is presumably the case for the other component which was too weak to be detected at the 
higher frequency. The double structure, the steep spectrum, and the separation of the components 
remind us to the Compact Symmetric Objects (CSOs), extremely young radio sources known in 
the more nearby Universe [|1|, If this analogy holds, the kinematic age of J1427-I-3312 could 
be in the order of 10^ years. The motion of the components could in principle be detected and the 
expansion speed measured with repeated VLBI imaging in the future. The nature however is not 
very cooperative in this case: due to the time dilation caused by the extremely large cosmological 
redshift, the expansion would appear very slow, and one must wait at least for an astronomer's 
hfetime between the subsequent epochs of such a monitoring experiment. 

2.3 J1429+5447 

J1429-I-5447 (z=6.21) is the most distant radio quasar known to date, found in the CFHQS 



[32]. Our EVN images made on 2010 June 8 (at 1.6 GHz) and 2010 May 27 (at 5 GHz) show 
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compact but somewhat resolved structures in the case of this source as well |[TT|]. The steep radio 
spectrum of the VLBI-detected quasar (Fig. [I]) is similar- to that of the previous two sources which 
have dual-frequency VLBI data available. 

2.4 J2228+0110 

J2228+01 10 (z=5.95) was found by matching the optical detections of the deep SDSS Stripe 
82 with the radio sources detected in the 1.4-GHz VLA A-array survey covering the same area 



[34]. This quasar is different from the previous three in the sense that it falls below the detection 
threshold of the FIRST survey. Its peak brightness is 0.31 mJy/beam in the VLA Stripe 82 survey 
catalogue [p^]. A cautious approach to the VLBI detection led us to initiate 1.6-GHz observations 
first. The EVN experiment was conducted on 2011 November 1. The analysis of the data has 
not been completed yet, but according to preliminary results, J2228+01 10 appears detected as a 
compact source, with a flux density much similar to that of the VLA one (L.I. Gurvits et al. 2012, 
in preparation). 

3. Summary of the general properties 

By observing the sample of the four known z~6 radio quasars with the highest angular res- 
olution provided by VLBI, we found that these are all compact sources. The bulk of their radio 
emission originates from regions well within 100 pc, cleai^ly suggesting an AGN origin. The quasar 
J1427-I-3312 shows a double structure with components separated by about 160 pc, reminiscent of 
the structure of CSOs. It is possible that we see very young radio sources, like the GPS and 
CSS sources known in the less distant Universe. The measured moderate brightness temperatures 
(~ 10^-10^ K, substantially lower than the intrinsic equipartition limit, ~5x 10^° K, for powerful 



compact extragalactic radio sources pq]) and the steep radio spectra in the rest-frame ~ 10-40- 
GHz frequency range (Fig. |l|) can be considered as circumstantial evidence for the youth of these 
sources. The spectral indices are ass— 0.6... — 1.0 for the three z^6 quasars where dual-frequency 
data are available. (The spectral index a is defined as S <x v", where S is the flux density and v 
the frequency.) In Fig. |l|, the broad-band spectrum of J0713-I-4349, a well-known CSO [23] is also 



compiled from the total flux densities from the literature and plotted as a visual aid for compar- 
ison. The flux densities are scaled down to match the distance of the z~6 quasars. The spectral 
slope at the high-frequency end is quite similar to that of the three distant quasars. Obviously, ad- 
ditional lower-frequency observations would be needed to find the suspected spectral turnover for 
the z~6 objects - a task very challenging with the current radio interferometric instruments due to 
the required specti"al coverage, high sensitivity, and fine angular resolution. 

A recent census of somewhat less distant VLBI-imaged radio quasai^s at z > 4.5 [|ri|] also 
suggests that the highest-redshift sample of compact radio sources is dominated by objects that 
do not resemble blazars that are characterised by highly Doppler-boosted, compact, flat-spectrum 
radio emission. Note that the continuum radio spectrum of bright blazars continues to be flat 
at much higher frequencies, in many cases up to several hundred GHz, e.g. [^, |T^. If exist, 
blazar-type compact flat-spectrum AGN remain to be discovered at z~6. Certainly, the case of 
the extremely distant radio quasars is far from being closed, as new discoveries ai^e expeced from 
on-going surveys, e.g. [|1|, ^, perhaps breaking the z=7 barrier soon. 



5 



Redshift, Time, Spectrum - the most distant radio quasars with VLBI 



Sandor Frey 



B 



0.1 





1 1 1 1 






- 

- 1 






- 
_ 


- 






- 












Q-OJ07 13+4349 






-^10836+0054 








■-■ J1427+3312 








J1429+5447 








, , , 1 







Rest-frame frequency (GHz) 



Figure 1: Two-point radio spectra - VLBI flux density versus frequency - of the dominant components of 3 
VLBI-imaged z^6 quasars. For comparison, spectral data points taken from the NASA/IPAC Extragalactic 
Database (NED) for J07 13+4349 (z=0.52) are also plotted. This was the first CSO whose expansion speed 
could be measured with VLBI The frequencies are shifted to the rest frame of each source. The total 
flux densities of J07 13+4349 are scaled down by a factor of 0.0026, to match the luminosity distance if the 
source was moved to z=6. The lines connecting the data points serve to characterize the spectral shape only. 
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